Over the past decade Surface Plasmon Resonance (SPR) techniques have been applied to the measurement of numerous analytes. In this article, an SPR biosensor system deployed from an oceanographic vessel was used to measure dissolved domoic acid (DA), a common and harmful phycotoxin produced by certain microalgae species belonging to the genus Pseudo-nitzschia. During the biosensor deployment, concentrations of Pseudo-nitzschia cells were very low over the study area and measured DA concentrations were below detection. However, the in situ operational detection limit of the system was established using calibrated seawater solutions spiked with DA. The system could detect the toxin at concentrations as low as 0.1 ng mL 21 and presented a linear dynamic range from 0.1 ng mL 21 to 2.0 ng mL 21 . This sensor showed promise for in situ detection of DA.
Introduction
Over the past few decades there has been a growing recognition of the crucial ecological and socio economic importance of the oceans and just how little is known about the basic biological and physical processes that govern their health. Given the vast size of the oceans, and reduced funding for ship operations, the only way to obtain the crucial information required to address these significant data gaps is through the development of automated sensors (temperature, salinity, nutrients, pollutants, biotoxins, and various organisms) which can be deployed on autonomous vehicles or platforms at significantly lower costs. The development of these sensor systems, however, is still in its infancy with most analyses still needing to be performed in the laboratory using complex analytical equipment. These in-laboratory systems require collection of seawater samples prior to analyses making them more expensive and time-consuming to perform. Further, the resulting data sets are typically less spatially and temporally resolved than those collected from autonomous vehicles and platforms. Consequently, there is a great impetus for developing the next generation of automated sensors.
One of the most promising technologies currently being adapted for this purpose is Surface Plasmon Resonance (SPR) (Melendez et al. 1996; Naimushin et al. 2003; Kawazumi et al. 2005) . D ıaz-Herrera et al. (2006) reported an in situ SPR system using special optical fibers for measuring salinity of seawater using the determination of refractive index. The sensor was then deployed on a pelagic profiler and successfully acquired salinity profiles. Kim et al. (2011) , presented a similar optical fiber based SPR system for in situ measurement of refractive index and deployed it in 2013 in deep water (Kim et al. 2013) . These experiments proved that SPR was a technology mature enough to be implemented in harsh environments such as oceans. However, no in situ SPR biosensor has been deployed to date. In contrast, numerous quantitative laboratory-based SPR detection systems have been developed for various marine molecules in particular the biotoxin domoic acid (DA) (Lotierzo et al. 2004; Yu et al. 2005 ; Le Berre and Kane 2006; Traynor et al. 2006; Stevens et al. 2007; Doucette et al. 2009; Campbell et al. 2011) . Currently, the most sensitive laboratory SPR assay can detect DA as low as 0.1 lg L 21 in a shellfish extract (Yu et al. 2005) .
DA is produced by certain microalgal species belonging to the genus Pseudo-nitzschia and by Nitzschia navis-varingica. This toxin is readily concentrated by shellfish as they filter feed (Bejarano et al. 2008) . Consumption of tainted shellfish can cause amnesic shellfish poisoning and potential damage to the hippocampus and amygdaloid nucleus regions of the brain.
The production of DA by Pseudo-nitzschia species is a complex process that is not fully understood. Nutritional physiology studies demonstrated that the stress of macronutrient (N, P, or Si) limitation plays a key role in the production of DA by the cells (reviewed by Trainer et al. 2012 ). For instance, laboratory studies with Pseudo-nitzschia multiseries showed that the production of the toxin becomes detectable only when Si or P limitation slows down the exponential growth rate (Bates 1998) . Conversely, Auro (2007) demonstrated that cells of P. cupisdata contained more DA during the exponential growth than in the stationary phase when nitrogen was the limiting macronutrient. There is then no straightforward relationship between the DA concentration and number of cells. In addition, the release of the toxin by the cells is still subject to investigations. Evidence indicates that DA chelates iron and copper and that it plays a role in iron acquisition when concentrations are limiting the growth or in the detoxification of copper (Trainer et al. 2012) . Maldonado et al. (2002) showed that 95% of the DA can be released in some metal stressed conditions. Trainer et al. (2007) (Trainer et al. 2009 ). In this study, iron limitation appeared to play a role in controlling the DA production. The mechanisms regulating DA production are clearly complex and there is still a need for investigating the Pseudo-nitzschia physiology and role of the DA in coastal ecosystems. This study focused on developing a SPR system for realtime in situ quantification of DA. As a first step, we concentrated on measuring dissolved DA. The requirement to measure only dissolved DA simplifies the design of the sample processing system, significantly lowering construction and deployment costs compared to other systems which require a module to collect and extract DA from the cells. To our knowledge, no other system is dedicated to performing such an assay and we believe that such a tool will be useful in executing ecological and physiological studies and understanding the role of dissolved DA in complex ecosystems. The eventual goal is to establish how well dissolved DA reliably indicates when levels of Pseudo-nitzschia cells are present.
This article reports the results from the initial deployment of the underwater dissolved DA SPR-based detection system during a cruise in 25 June 2011, in the Bay of Vilaine, a location where blooms of toxic Pseudo-nitzschia spp. are known to occur in the spring. The sensitivity of the system is sufficient to detect concentrations of DA as low as 0.1 ng mL 21 with a dynamic range of 0.1-1.0 ng mL 21 .
Material and procedures
The surface plasmon resonance transducer The basic principles underlying SPR are reviewed in (Homola 2008) . The specific SPR transducer used in this study is based on the spectral interrogation principle (Homola 2006) . It consists of two modules. The first encloses the light source, the spectrophotometer and some electronics while the second, called the optode, contains the optics and two SPR chips, one for each measurement channel (Fig. 1) .
The light from a tungsten halogen lamp (HL1000, Mikropack GmbH, Germany) is focused onto a multimode optical fiber coupler then routed through two optical fibers to the optode. Each light beam coming out of a fiber is collimated by an achromat doublet of 4.5 mm focal length and then passed through a linear polarizer (Fig. 2) . Then the beam is first reflected onto the N-F2 prism by Total Internal Reflection (TIR), second onto one of the SPR chip and finally on the prism by TIR again. A second achromat doublet focuses light into an optical fiber connected to the spectrophotometer. This consists of a Carpenter-based axial spectrometer (Jobin Yvon V R , France) equipped with a 16-bits CCD (Charge Coupled Device) camera (ST3200ME, SBIG Astronomical Instruments, U.S.A.), driven by an embedded computer (Wafer C400, IEI Technology Corporation, Taiwan). The spectrophotometer works in the near IR range from 600 nm to 950 nm.
The SPR is an N-F2 glass slide chip (N-F2, Schott, Switzerland) coated with a 50 nm thick gold film. It has a 10 mmdiameter and is 1 mm-thick. The chip is then placed against the prism after applying a drop of refractive index matching liquid in between. This configuration makes it easy to replace the SPR chip as needed and also has the advantage of eliminating any alignment issues.
To accurately calculate the position of the SPR absorption band, called the dip hereafter, it is necessary to normalize the reflected spectrum by a reference spectrum that takes into account the different spectral transmittance of the optical systems without surface plasmon absorption. To do so, the reflected spectrum was measured with ethanol in the flow cell. Because of the high refractive index of ethanol (1.36) compared to that of water (1.33), the surface plasmons are generated out of the range of the spectrophotometer. This enabled us to avoid traditional normalization by spolarized light that would require rotating the polarizer by 908 and the integration of an automatic rotation stage.
The SPR sensor was linked to the boat by a submarine power cable that provides 24 V to the system and a submarine Ethernet cable. The latter enabled real-time control of the system using a virtual-network-computing software (UltraVNC, FreeWare). This configuration is close to the one reported by Cahill et al. (1997) .
Compartmentalizing the optode and the light source/ spectrophotometer/electronics into separate modules
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enhanced the durability of the system. It also allowed the optode to be easily coupled to other equipment such as the fluidic module that injects processed seawater samples. In particular, a flow cell made of PolyEtherEtherKetone (PEEK) can be adapted to the optode and connected to the fluidic module by manifolds.
The SPR chip functionalization
Since DA is a small molecule of only 311 Da and the SPR signal shift is proportional to added quantities of matter, a direct detection would not be sensitive enough to detect the toxin at concentration lower than few ng mL 21 (Lotierzo et al. 2004; Yu et al. 2005; Le Berre and Kane 2006; Traynor et al. 2006; Stevens et al. 2007; Doucette et al. 2009; Campbell et al. 2011) . To circumvent this limitation, an alternative method relies on an indirect detection such as an inhibition assay format (Dost alek et al. 2006) . Briefly, a known amount of DA is anchored to a SPR chip during the functionalization step. Then, the seawater sample to be analyzed is mixed with a known quantity of anti-DA antibodies (Ab) that binds the toxin during a defined incubation time.
Hereafter the mixture is kept in contact with the SPR chip. In seawater samples without any DA, all Ab in the mixture remains free to bind the DA attached to the chip. When free DA is present in the sample there are fewer Ab molecules available to bind the immobilized DA. Quantitation of DA in the sample becomes possible as the initial concentration of the toxin is correlated with the remaining fraction of free anti-DA Ab that binds to the DA immobilized on the chip. The SPR chips, to which DA was attached, were produced following the protocol developed by Yu et al. (2005) and Ab produced by Mercury Science (Durham, North Carolina, U.S.A.). Slides were first immersed in a solution of thiolated alkyl-PolyEthylene Glycol (PEG) modified with a NH 2 terminal group (Prochimia). During this step, a Self-Assembled Monolayer formed on the gold surface. The DA molecule contains three carboxylic groups. They were activated with a N-HydroxySuccinimid/(1-ethyl-3-(3-dimethylaminopropyl) carbodiimide) mixture and the activated DA was then deposited on the SPR chip. Each of these activated esters reacted in a random manner with the primary amine function of the modified PEG to form a stable amide bond.
Fluidic module
The fluidic module was first developed for colorimetric assays of different chemical compounds (Vuillemin et al. 2009 ). It consists of eight electrovalves and three peristaltic pumps that can turn clockwise or counter-clockwise and whose rotation speed can be adjusted. The reagents are stored in plastic bags and linked to the pumps, the valves, and the SPR system by polytetrafluoroethylene (PTFE) manifolds. The mixing cell is a PTFE manifold that had been specially shaped to form circumvolutions to ensure homogeneous mixture of the reagents (Fig. 3) .
The fluidic module is designed to perform an inhibition assay. First, the seawater sample is pumped through a 0.2 lm diameter pore Minisart syringe filter (Sartorius, Bohemia, New York, U.S.A.). Second, the filtrate and the antibody Fig. 1 . The underwater SPR system is linked to the boat by an Ethernet cable and a power cable. The big container contains an electronic board that supplies power to the lamp, the spectrophotometer, the fluidic module and an embedded computer (lPC). Light from the lamp is brought to the optode, reflected onto the SPR chip and the resultant light emerging from the prism carried to the spectrophotometer via optical fibers. The computer analyses the signal from the spectrophotometer, communicates the data to the boat and drives the fluidic module by a RS232 communication protocol. The sample is pumped through a filter and brought to the fluidic module by PTFE manifolds. solution are injected inside a mixing cell during a 15 min period. Once equilibrated, this solution is injected in the flow cell over 15 min and the k SPR change measured. To regenerate the sensor surface for the next assay, the SPR cell is rinsed successively with phosphate buffered saline (PBS), 0.1 mM NaOH and then PBS. The output from the spectrophotometer is continuously recorded during the measurement and regeneration steps.
Underwater characterization of the transducer
The aim of this set of experiments was to measure the sensitivity and the resolution of the SPR sensor with regard to refractive index at 0, 10 m and 20 m ocean depth from an oceanographic vessel during the oceanographic cruise NIT-TEK (Iroise Sea, 16 December 2009). Sucrose solutions were used to optically characterize the transducer, knowing that the refractive index of solutions of this compound is proportional to its mass concentration. Sucrose was selected for its chemical stability and inertia against a gold surface. Solutions of 0.1%, 0.2%, 0.5%, and 1% sucrose were stored in plastic bags attached to the structure. The whole system was mounted onto a metallic frame along with other equipment such as conductivity, temperature, depth sensors (SBE25 CTD probe, Sea Bird Electronics, Bellevue, Washington, DC, U.S.A.).
Domoic acid assay optimization
The inhibition assay was developed according to the work of Yu et al. (2005) . For the DA assay to be successful it had to be capable of detecting toxin at a concentration of 0.1 ng mL 21 in seawater. To detect small amounts of DA, the concentration of Ab needed to be optimized. When the antibody concentration was too high the binding with the dissolved DA was not measurable since most of the free Ab, bound to the surface, saturated the reactive sites quickly. When the antibody concentration was too low, the binding of the Ab on the surface was not detected because the amount of Ab on the surface was too small to be detected by SPR.
To get an adequate concentration range of Ab for assay optimization, we had to consider, first, that one IgG molecule was able to trap up to two DA molecules in seawater solution. Second, the two binding sites had to be occupied by DA from the sample to become nonreactive against the DA sensor surface. Third, given the nanomolar affinity observed in standard buffers (Litaker et al. 2008 ) and the expected Ab concentrations needed for the inhibition protocol, we postulated the reaction was stoichiometric. Thus, to detect DA at concentration up to 5 ng mL 21 , we needed to have a final Ab concentration of at least 1.2 lg mL
21
, assuming an Ab molecular weight of 150 kDa.
To determine the optimal antibody concentration Ab solutions of concentrations (C 0 ) ranging from 0.4 lg mL 21 to 3.2 lg mL 21 were injected into the flow cell. Then the response curve of the sensor was acquired with PBS and artificial seawater solutions spiked with DA at concentrations ranging from 0 ng mL 21 to 10 ng mL
.
Ocean deployment
The system was mounted on a pelagic profiler. Our system was combined with an SBE25 CTD probe (Sea Bird Electronics, Bellevue, Washington, DC, U.S.A.), a fluorometer (Seapoint Sensors Inc., Brentwood, New Hampshire, U.S.A.), a laser Particle Size Analyzer (Gentien et al. 1995) for measuring the size of particles in seawater and an innovative imaging system: the L'Institut Français de Recherche pour l'Exploitation de la Mer (Ifremer) in situ Video-Fluo-Analyzer (Lunven et al. 2012) for imaging the phytoplankton cells. Then, when the presence of Pseudo-nitzschia cells could be assumed from the in situ image analysis, seawater samples were analyzed with our system. Prior to the toxin detection, calibration was performed with seawater spiked with DA to compare the response curve of our sensor during lab and in situ measurements.
Assessment

Underwater characterization of the transducer
The sucrose solutions of increasing mass concentration were sequentially injected into the flow cell and the corresponding dip shifts were quantified. To limit measurement bias (i.e., because of drifting baseline), the flow cell was rinsed in between samples with deionized water. This experiment was carried out three times: on the deck, at 10 m and 20 m depth. Figure 4 shows a typical plot of the SPR wavelength (k SPR ) over time, hereafter called a sensorgram. The inset on Fig. 4 shows a graph of k SPR shifts (Dk SPR ) obtained from the previous sensorgams with regard to the refractive index measured on the deck, at 10 m and 20 m ocean depth. In all three cases, the sensor responses are very similar. The sensitivity to refractive index changes (S i ) is defined as the derivative of the k SPR shift with regards to the refractive index change. In the three cases, S i was very similar (less than 3% difference) and was estimated to about 4100 nm/ RIU by a linear fit of the data reported on Fig. 5 . This result is consistent with numerical simulations based on the Rouard method (Lecaruyer et al. 2006) , which led to a theoretical sensitivity of 4400 nm (data not shown).
The surface density change (DC) can be related to Dk SPR by (Maillart 2004 ):
where L is the plasmon penetration depth in the liquid and @n/@C the derivative of the refractive index change with regards to the concentration of the target molecule. The former can be estimated to 75 nm in that configuration (Maillart 2004) and the latter to 0.19 cm 3 g 21 for Ab (Karlsson et al. 1991) . Then,
where DC is in ng cm 22 , Dk SPR in nm. The smallest change in mass surface density that can be detected is estimated to be 300 pg cm 22 considering the lowest detectable Dk SPR is three times the standard deviation of the baseline noise. This value is consistent with other systems which were capable of detecting biomolecules (Piliarik and Homola. 2006) . It is worth noting that there is no active temperature regulation. First, the ocean thermal inertia will avoid rapid temperature change over the duration of the assay carried out at a fixed depth. Also, in the second measurement channel, referred to as the reference channel, PBS solution is circulated during the assay. Signal changes related to temperature affect both channels. Thermal drifts are measured by the reference channel and the signal of the measurement channel can then be corrected if necessary.
Domoic acid assay optimization
Ab solutions of concentrations (C 0 ) ranging from 0.4 lg mL 21 to 3.2 lg mL 21 were injected into the flow cell and between each of these injections, the flow cell was rinsed with PBS, regenerated with NaOH (0.1M) and then rinsed with PBS. Figure 5 shows the sensorgram of this experiment. The reaction of anti-DA Ab on the surface resulted in a quasilinear increase of k SPR with time. During the PBS rinsing phase, the signal remained constant, which indicated a strong binding of the Ab to the functionalized chip and no nonspecific adsorption. One can expect that k SPR shifts will continue to increase after a 15 min-injection. Nevertheless a longer injection time would cause a longer assay time, which is not compatible with marine system deployment. The concentration of Ab for the assay was set to 1.6 lg mL 21 to work with a high signal-to-noise ratio. The response curve of our sensor was then determined for the toxin assay in PBS. Eight solutions spiked with DA at different concentrations (100 ng mL 21 , 10 ng mL
21
, 5 ng mL
, 1 ng mL 21 , 0.8 ng mL 21 , 0.5 ng mL 21 , 0.1 ng mL 21 , and 0 ng mL 21 ) were prepared. One mL of each was incubated with the Ab for 15 min before injection at room temperature. The SPR chip was regenerated between each of the injection with NaOH solutions (0.1M). Figure 6 presents a graph of the normalized SPR wavelength shift rate g n , defined as: 
The response curve of the biosensor presents a shape typical of inhibition assay.
As expected, for concentrations higher than 5 ng mL 21 the k SPR shift rate change was insignificant. The inset on Fig.  6 depicts the same data but in a different range (0-2 ng mL 21 along a linear scale). Over this range, the biosensor response was linear and indicated an EC 50 (effective concentration to reach 50% of the response) value of 1.25 ng mL of DA. With an Ab concentration of 1.6 lg mL 21 , the limit of detection (LOD) was estimated to 0.1 ng mL
, by taking into account the uncertainty of the determination of the shift rate.
The sensitivity and the dynamic range of that SPR DA assay compares well with previously published data using the ELISA format (Litaker et al. 2008) . Note that if higher concentrations have to be assayed, the Ab concentration must be increased but at the expense of sensitivity. It is worth noting that the whole measurement process (detection and regeneration) can be performed at least 10 times without a significant loss of sensitivity. The Ab had lower affinity for the DA when working with seawater samples (data not shown) mainly because of the high ionic strength of the latter medium and the greater contribution of electrostatic forces in the Ab binding mechanism to the toxin DA. To alleviate this lack of sensitivity, the concentration of Ab was increased slightly to 2 lg mL 21 . In addition, it was decided that during the assay, the seawater sample would be mixed with the same volume of Ab solutions. On the one hand, the sample is diluted by a factor 2. On the other hand, it diminishes the ionic strength of the mixture and favors the reaction of the Ab with the DA. The graph in Fig. 7 is the response curve of the biosensor in a linear scale. It represents g n with regards to the DA concentration for seven seawater samples (0 ng mL 21 , 0.1 ng mL 21 , 0.2 ng mL
, 0.5 ng mL
, 1 ng mL 21 , 2 ng mL 21 , and 5 ng mL
). As previously, the dynamic range is still relatively narrow but it enabled us to achieve a detection limit as low as 0.1 ng mL
. The linear part of the sensor response goes to about 2 ng mL 21 . Then, the diminution of the ionic strength of the mixture and the increase of the Ab concentration enabled us to reach a similar sensitivity of the assay in PBS as attested by an EC 50 of 1.5 ng mL
, only 20% larger than previously.
Ocean deployment
During the oceanographic cruise, three seawater solutions with DA at 0, 0.1 ng mL 21 and 1 ng mL 21 were first injected from a reservoir for calibration purposes. These concentrations were chosen because this is the linear response range of the sensor. They also served as a control in case the waters being sampled contained minimal concentrations of Pseudonitzschia. The sensorgram of those calibration injections can be seen in Fig. 8 . As expected, the higher the DA concentration, the slower the signal increases. However, compared to a lab environment, overall performance for the assay was modified as reported in Table 1 . Underwater, concentrations as low as 0.1 ng mL 21 led to a 58% decrease of the signal compared to seawater reference without DA, while in the lab only a 10% change was measured.
Once the sensor was demonstrated to be operational, seawater samples were analyzed with the sensors on the pelagic profiler. Unfortunately, during this period, we could not detect a significant number of cells of Pseudo-nitzschia spp. This observation was verified by microscopic examination of water samples collected at different depths. We analyzed a seawater sample anyway. The corresponding sensorgrams are shown in Fig. 9 . The slope of the linear increase of the reference and the seawater sample showed no significant change. Only a 3% variation was measured by fitting a line to the linear part of the graph corresponding to the Ab reaction on the SPR chip. The correlation coefficients R 2 were 0.994 and 0.993 for the reference and the sample, respectively. We then got a g n 51.02 6 0.02, the error being estimated from the fit. Domoic acid toxin was not present at a concentration higher than 0.1 ng mL 21 in the seawater at this time and location. Such a conclusion was confirmed afterwards by the results of a standard microscopic cell counting method (Uterm€ ohl 1931) which showed less than 10,000 L 21 Pseudonitzschia spp. were present in all the samples examined. These cell concentrations were insufficient to produce measurable levels of DA. Hence, the low DA concentrations measured during the cruise are in accordance with the low number of Pseudo-nitzschia spp. cells in the phytoplankton samples taken in the stations. Moreover the phytoplankton counts provided by the Ifremer survey network (REPHY) over a one-month period before the cruise confirm a very low abundance of Pseudo-nitzschia spp. cells in the study area with abundances lower than the alert threshold for the DA producer species.
Discussion
The SPR biosensor developed and test-deployed in this study is capable of measuring free DA in a seawater matrix over a range of 0.1-2 ng mL 21 (Table 1 ). This sensor shows promise for detection of dissolved DA in seawater in a field deployment. This sensitivity level should be sufficient to detect dissolved DA at levels present during toxic Pseudo-nitzschia blooms (Trainer et al. 2007 ). Consequently, remotely deployed platforms employing this sensor system could successfully detect the onset of toxic PN blooms. As far as we know, the only other in situ system reported for DA detection is the Environmental Sampler Processor (Doucette et al. 2009 ). This well documented system was proven efficient for monitoring harmful algae as it can detect algal species in addition to phycotoxins. The DA assay they reported is two orders of magnitude less sensitive than our SPR instrument. However, the ESP can assay the particulate DA (Doucette et al. 2009 ) because it is able to collect the cells on a filter and then extract the toxin, which might be an efficient way of detecting a harmful algal bloom event. Clearly, these two systems can be very complementary.
Comments and recommendations
Our optimization experiment led us to explore several buffer and temperature conditions. Ionic strength was found to be particularly important in modulating affinity of Ab for the biotoxin and the overall sensitivity of the assay. Considering standard seawater (U.S. Department of Energy [DOE] 1994) as an approximation, an ionic strength of 704 mM was calculated, which is four times higher than that of PBS buffer. Consequently, we recommended that samples be partially diluted with PBS to reduce the ionic strength of the sample and ensure optimal performance.
To save power in the current iteration of the SPR biosensor, the solutions were not temperature controlled. All field experiments were carried out at 138C as compared to 208C in the laboratory. This temperature difference caused a significant shift in the overall sensitivity of the assay (Table 1) . Fig. 9 . Sensorgramm of the underwater analysis of seawater
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This behavior has been previously reported (Colas et al. 2010) . We hypothesize that the performance difference comes from a positive balance between a kinetic speed decrease together with an antibody affinity change over temperature as is predicted by the Arrhenius law and the van't Hoff equation for protein-protein interactions (Navratilova et al. 2007; de Mol and Fische 2008) . This means that either the reactions have to be temperature controlled or a standard curve must be run to recalibrate the instrument for the prevailing water temperatures. A logical future modification of our SPR biosensor would be incorporation of additional toxins. Technologies currently being developed which allow robust spectral multidetection (e.g., Sereda et al. 2014 ) may pave the way to in situ multianalyte detection. Campbell et al. (2011) for example, reported a laboratory SPR instrument capable of simultaneously monitoring saxitoxin, okadaic acid, and DA in seawater samples (McNamee et al. 2013 ). However, the lower limit of detection for DA was an order of magnitude higher than our system and could not be used for direct detection of dissolved DA in seawater.
Enhancing the sensitivity of these systems to detect the low levels of dissolved toxin which occur in the water column would require an increased signal-to-noise (S:N) ratio. One approach for boosting the S:N ratio is to increase surface binding capacity using polymers like dextrans. This forms a brush-like network extending 100 nm to 200 nm to the flow cell, increasing the accessibility of the probe. We would then be able to work with lower Ab concentrations, which would lead to a lower limit of detection. Another recent and interesting approach to increasing sensitivity is to use Ab attached to gold nanoparticles (Dribek et al. 2014 ). Measurements have shown that the SPR signal induced by the reaction of the gold labeled Ab on the chip is much larger than what can be achieved with nonlabeled antibodies. It would then be possible to work with lower antibody concentrations.
Even though our system demonstrates very good performances, the relative standard deviation of the measurements is about 15%, which is two to three times greater than with chemical methods (Wang et al. 2007; Devez and Delmas 2013) .
Conclusion
In this article, a SPR transducer for submarine experiments is presented and characterized. Its sensitivity enables accurate measurement of the refractive index from a boat or at different ocean depths. An inhibition assay for detecting a biotoxin in a seawater matrix was then developed and assessed during shipboard experiments. These experiments showed the high potential of SPR techniques for environmental application, even in the harsh marine environment. Although the relationship between Pseudo-nitzschia cell and toxin concentrations in seawater in still unclear, we believe the biosensor reported in this article can be used as a new tool to investigate the complex process of production and release of DA in coastal waters.
